• The rise in cytosolic calcium ion concentration that triggers muscle contraction requires release of a large amount of calcium from the cellular store, sarcoplasmic reticulum (SR), where it is stored bound, largely to the protein calsequestrin.
Introduction
The signal that unleashes contraction in skeletal muscle requires the release of a large amount of calcium from the sarcoplasmic reticulum (SR) into the cytosol. In mammalian fast twitch muscle fibres, the amount released in association with one action potential is estimated at about 200 μmol l −1 of aqueous volume in the cytosol. During physiological tetani, the accumulated release associated with repeated action potentials may reach beyond 1 mmol l −1 of cytosol. This calcium comes from a small compartment, about 5% of the volume of the cell (Eisenberg, 1984) , where the free [Ca 2+ ] at rest is approximately 0.5 mM (Launikonis et al. 2005; Rudolf et al. 2006; Sztretye et al. 2011a; Tang et al. 2011) . Most of the calcium ions released into the cytosol must therefore have been bound to ligands, rather than free in the SR lumen.
Among the ligands of Ca 2+ identified in the SR of adult fibres, calsequestrin (MacLennan & Wong, 1971 ) of isoform 1 (Fliegel et al. 1987 ) is quantitatively the most important (MacLennan et al. 1972; Murphy et al. 2009; Royer et al. 2010) .
Calsequestrin is interesting for at least four reasons: first and foremost, because of its central buffering role, which is made possible by its ability to bind Ca 2+ at between 30 and 80 ions per molecule, and is putatively enhanced by the unique properties of the binding reaction as determined in aqueous solutions (Park et al. 2003 (Park et al. , 2004 Royer & Ríos 2009; Sánchez et al. 2012) . Second, calsequestrin is believed to exert some sort of control or modulation of the open-close gating of the ryanodine receptor (RyR) release channels, an idea that originated from the association of inherited diseases of cardiac muscle with mutations of the cardiac calsequestrin isoform 2 (Terentyev et al. 2003; Valle et al. 2008; Faggioni & Knollmann, 2012) , and recently found support in skeletal muscle, with the observation of changes in SR membrane permeability to Ca 2+ in Casq1-null muscle (Canato et al. 2010; Sztretye et al. 2011b) . Additionally, the intriguing stoichiometric association of linear polymers of calsequestrin in the lumen of terminal cisternae with individual RyRs prompted the speculation that these polymers have a diffusional focusing role (MacLennan & Reithmeier, 1998) . It is hypothesized that Ca 2+ ions are adsorbed to calsequestrin, in a manner that allows for rapid longitudinal diffusion along the linear polymers and into the sink constituted by the channel mouth. Finally, alterations in the primary sequence of calsequestrin 2 are linked with cathecolaminergic polymorphic ventricular tachycardia (CPVT), an arrhythmia associated with altered Ca 2+ control (Priori & Chen, 2011) , whereas Casq1-null mice experience an increase in myoplasmic [Ca 2+ ] when exposed to volatile anaesthetics (a condition that has been compared to malignant hyperthermia susceptibility (MHS); Protasi et al. 2011; Dainese et al. 2009) , and a deficit of Ca 2+ control (MacLennan & Zvaritch, 2011) . These two observations suggest symmetry between MHS and CPVT as homologous diseases of Ca 2+ control, and Casq1 and Casq2 as candidate genes for their respective causation (MacLennan & Chen, 2009) .
The titration curves of calsequestrin in solution are complex, suggestive of multiple binding sites with different affinity (Park et al. 2004; Sánchez et al. 2012) . Moreover, there is evidence that binding stages of progressively lower affinity, which are observed as [Ca 2+ ] is increased, are accompanied by progressive polymerization in a stereotyped sequence, as if polymerization was necessary for the existence of these low-affinity sites. The functional advantages of such a mechanism should be evident: calsequestrin would adjust as [Ca 2+ ] increases, providing more binding sites instead of saturating (Park et al. 2004; Royer & Ríos, 2009) .
If calsequestrin is the dominant buffer in the SR and its unique Ca 2+ binding properties apply in situ, then the Ca 2+ buffering properties of the organelle should reflect these in some way, perhaps exhibit multistage binding or time-dependent changes; in fact, Pape et al. (2007) derived the free Ca 2+ concentration inside the SR, [Ca 2+ ] SR , in frog muscle, from the absorbance of tetramethylmurexide, and produced an SR titration curve with 'cooperativity' (a value of n greater than 1 in fits with eqn (13)).
Recently it has become possible to measure [Ca 2+ ] SR in mammalian muscle (Rudolf et al. 2006; Canato et al. 2010; Tang et al. 2011; Sztretye et al. 2011a; Wang et al. 2012) . By combining the measurement of [Ca 2+ ] SR with that of the changes in total calcium content in the organelle, [Ca] T,SR , it is therefore possible to directly evaluate the Ca 2+ buffering power of mammalian SR. Here we have done this in cells that are made to release Ca 2+ by depolarizing pulses under voltage control. [Ca 2+ ] SR is derived from the ratiometric signal of the biosensor D4cpv-Casq1, while the changes in [Ca] T,SR are calculated by time integration of Ca 2+ release flux, derived from the measurement of cytosolic free [Ca 2+ ] in parallel with the changes in [Ca 2+ ] SR . These are dynamic measurements, for which temporal resolution must be as high as possible. Indeed, the large fluxes of Ca 2+ release associated with sudden depolarization may cause [Ca 2+ ] SR to change substantially in milliseconds (e.g. Canato et al. 2010; Sztretye et al. 2011b) . This requirement presents a problem for measuring [Ca 2+ ] SR with D4cpv-Casq1. While the kinetic constants of this sensor have not been measured, the cameleon D1, which has similar structure, has a k OFF of 250 s −1 (Palmer et al. 2004) . If the value of this rate constant was the same for D4cpv-Casq1, and the dissociation constant was 70 μM, k ON would be 3.6 × 10 6 M −1 s −1 or about 1000 times less than that of a diffusion-limited reaction (e.g. Wade et al. 1998; Zhou & Zhong, 2005) . The kinetic limitation, which reflects the major molecular rearrangement in the Förster resonant energy transfer (FRET) mechanism, could be made worse by the presence of calsequestrin fused to the cameleon, or other interactions in the crowded lumen of the SR. For these reasons, and as a control, we carried out additional experiments in which the monitoring of [Ca 2+ ] SR was done using fluo-5N trapped in the SR. The technique, first described by Kabbara & Allen (2001) , was applied in the present case with modifications inspired by Ziman et al. (2010) and Robin et al. (2012) .
Methods

Ethical approval
Protocols for animal care, transfection and death of the animals were approved by the Institutional Animal Care and Use Committee of Rush University, and were consistent with their ethical standards.
Transfection of flexor digitrorum brevis (FDB) muscles in adult mice and isolation of single cells
The present results were collected from 135 7-to 12-week-old mice (Mus musculus, Black Swiss before 01/07/2010 or Swiss Webster, afterwards). Also used were 37 mice lacking Casq1 (Paolini et al. 2007) . They were of the C57BL6 strain, raised at Charles River Laboratories (Wilmington, MA, USA) and used at 6-10 weeks of age. Some of the results reported here were obtained by analysis of data collected in an earlier study of permeability (Sztretye et al. 2011b) . In most cases muscles were made to express either the biosensor D4cpv-Casq1 or a variant, D4cpv-δAsp, where the cameleon is fused to a deletion variant of Casq1 (Sztretye et al. 2011a) . The method of transfection, which is adapted from DiFranco et al. (2006) , was detailed by Sztretye et al. (2011a) . Four to 5 days after injection of plasmid the animals were killed by CO 2 inhalation and FDB muscles were removed for imaging or functional studies. The methods of cell separation were as described by Royer et al. (2008) , where additional details can be found. Experiments were carried out at 20-22
• C in 'external' solution.
Solutions
Concentrations are given in mM: External: 140 TEA-CH 3 SO 3 , 1 CaCl 2 , 3.5 MgCl 2 , 10 Hepes, 1 4-AP, 0.5 CdCl 2 , 0.3 LaCl 3 , 0.001 tetrodotoxin (citrate) and 0.05 BTS (n-benzyl-p-toluene sulphonamide). pH was adjusted to 7.2 with TEA-OH and osmolality to 320 mosmol/kg with TEA methanesulfonate.
Internal solutions (in pipette) were either 'EGTA' , 'BAPTA' or '15 mM BAPTA' of composition (in mM): 'EGTA': 110 N -methylglucamine, 110 L-glutamic acid, 10 EGTA, 10 Tris, 10 glucose, 5 Na-ATP, 5 phosphocreatine Tris, 0.075 X-rhod 1, 3.56 CaCl 2 and 7.4 MgCl 2 . 'BAPTA': 110 N -methylglucamine, 110 L-glutamic acid, 5 BAPTA, 10 Tris, 10 glucose, 5 Na-ATP, 5 phosphocreatine Tris, 0.075 X-rhod 1, 1.81 CaCl 2 and 6.96 MgCl 2 . '15 mM BAPTA': 120 potassium L-glutamate, 15 BAPTA, 10 Trizma, 5 Na-ATP, 5 phosphocreatine Tris, 5.4 CaCl2, 7.19 MgCl 2 and 10 glucose. pH was set to 7.2 with NaOH and osmolality to 320 mosmol/kg with N -methylglucamine. The amounts of added Ca 2+ and Mg 2+ were calculated (for a nominal 1 mM [Mg 2+ ] and 100 nM [Ca 2+ ]) using the program Maxchelator, version 2.00 (www.stanford.edu/∼cpatton/webmaxc2.htm) and the set of affinity constants contained in its parameter file 'W3' . The near equality of the free [Ca 2+ ] reached in cells with these solutions after at least 30 min of establishing whole-cell patch was verified with ratiometric measurements using indo-1.
Voltage clamp
The whole-cell patch clamp technique follows the implementation of Wang et al. (1999) , with changes described by Royer et al. (2008) . The clamped cells were stable in 'BAPTA' , as ascertained by the stability of series resistance, linear capacitance (C m ), charging time constant and holding current. The actual recording of Ca 2+ transients was started after 15-35 min of stable holding at −80 mV, a time when the concentration of EGTA or BAPTA inside the cell was at a substantial fraction of the solution values, which along with the presence of BTS abolished contractile responses. Command potentials blunted with 0.6 ms duration ramps and linear capacitance compensations were used to avoid saturation of the headstage. Non-linear capacitive ('charge movement') currents obtained by conventional subtraction of scaled controls and baseline correction were integrated to calculate intramembranous charge transfers Q ON and Q OFF as functions of V m . The dependence of Q ON (V m ) was fitted with the Boltzmann function: Q max /(1 + exp(−(V m -V T )/K )) to derive amount of mobile charge Q max , transition voltage V T and limiting logarithmic slope 1/K . The average values of these parameters were not statistically significantly different from those in our previous works with this technique (Royer et al. 2008 (Royer et al. , 2010 .
Simultaneous measurement of cytosolic and SR-lumenal [Ca 2+ ] using a biosensor
In the experiments reported here Ca 2+ transients and release flux were examined in parallel with [Ca 2+ ] SR largely as described by Sztretye et al. (2011a,b) . The cells expressed D4cpv-Casq1 or D4cpv-δAsp in the SR; they were voltage clamped and had the high-affinity, long-wavelength Ca 2+ monitor X-rhod 1 introduced in the cytosol via the patch pipette. Images F j (x,t) were obtained in line scan mode. F 1 and F 2 represent fluorescence of D4cpv-Casq1 and D4cpv-δAsp, and F 3 of X-rhod 1. The images were acquired in a laser scanning confocal system (SP2; Leica Microsystems, Exton, PA, USA) equipped with acousto-optical tunable elements that allowed excitation of X-rhod 1 (at 594 nm, with emission collected between 610 and 700 nm) alternating line-by-line with the excitation for D4cpv (at 458 nm, with emission collected between 470 and 510 nm for F 1 and 520 and 580 nm for F 2 ); therefore, images were effectively simultaneous. At the acquisition frequencies used, the alternate illumination resulted in actual intervals of 2.5-10 ms per line (5 ms per line in most cases) in the individual images. Spatial resolution was 0.24 μm per pixel. Line scanning was always parallel to the fibre axis, at 10-15 μm from the glass coverslip.
After averaging F j (x,t) over x, to obtain F j (t), the 'FRET ratio' R was calculated as (F 2 -Background 2 )/(F 1 -Background 1 ).
Background i was measured with lasers off. [Ca 2+ ] SR was calculated from the ratio by a generalization of the equilibrium equation (Sztretye et al. 2011a) [
where β is the ratio of values of F 1 in the Ca 2+ -free and the Ca 2+ -saturated conditions. The parameter values of R min (0.505), R max (1.74), βK D (222 μM) and β (0.554) were determined in calibrations in situ (Sztretye et al. 2011a) . The value of k on was assumed to be 3.6 × 10 6 M −1 s −1 (the value determined in solution at room temperature for cameleon D1; Palmer et al. 2004) .
Determination of free cytosolic [Ca
F max and F min are derived from eqn (2) applied to the resting condition, in which [Ca 2+ ] c (0) ≡ [Ca 2+ ] R is assumed equal to that in the pipette (0.1 μM, an assumption based on results by Royer et al. 2010 ). Equation (2) 
Other parameter values are given in Sztretye et al. (2011b) . (Melzer et al. 1984 , which involves assigning parameter values in a model of the removal of released Ca 2+ , so that the simulation fits the observed decay of cytosolic Ca simultaneously for several evoked transients. Here the method is made more reliable by the presence of a buffer, EGTA or BAPTA, at such concentrations that the incidence of the endogenous buffers in the removal process becomes almost negligible (González et al. 1993) .
The removal method -if strictly applied -yields
•
Rel records of reliable kinetics but unreliable scale. In other words, even in the simplified situation reached in the presence of high [buffer] the removal model is over-parameterized ; see also Stephenson, 1987 where a is a small negative constant of convenience and τ equals 37.5 min for BAPTA and 34.8 min for EGTA. These values were adapted from an average estimate of EGTA entry by Schuhmeier & Melzer (2004) . The slight difference between time constants of BAPTA and EGTA was calculated assuming inverse proportionality between τ and diffusion coefficient D and inverse proportionality between D and molecular radius, which was calculated from the molecular weight. Additionally, it was found that the inclusion of ∼1 mM parvalbumin, reacting with both Ca 2+ and Mg 2+ , improved slightly the fit of experimental records by the removal model.
The kinetic constants of EGTA:Ca were k on = 15 (μM s) −1 and k off = 7.5 s −1 (Schuhmeier & Melzer, 2004; Royer et al. 2008) . For BAPTA:Ca they were k on = 1000 (μM s) −1 and k off = 200 s −1 (Wu et al. 1996) . Parvalbumin concentration was set to 1 mM. 
Amount released
From
• Rel(t), the flux that exits through release channels,
• Rnet (t), quantifying the net flux leaving the SR, is derived by subtraction of the pump removal flux, namely
The integral of
• Rnet, from the beginning of the pulse until time t, defines Rel(t), the amount released at time t.
As the images were acquired at low frequencies, the peak of release flux was blunted. This effect was corrected, for the purpose of tabulating peak values, using empirical factors derived as described by Royer et al. (2008) . The more slowly varying flux during the so-called quasi-steady phase that follows the peak during a long-lasting depolarization can be measured equally well at different acquisition rates and needs no correction.
The measurement of flux is essentially a calculation of rate of change of total calcium concentration, which is derived from the measured free [Ca 2+ ]. Blunting arises because a brief peak rate of change will be underestimated by a low sampling frequency, which can only report the average rate in the sample interval. On the other hand the calculation of amount released, the integral in eqn (5), is numerically a sum of increments, which are well measured, independently of the acquisition frequency. Hence the measure of amount released is not sensitive to the acquisition rate. ] SR , the derivative of total with respect to free Ca 2+ concentration in the SR. Because the change in total concentration is derived from the release flux, which is expressed relative to the volume of aqueous solution in the cytosol, a factor is necessary to express the concentration relative to SR volume:
SR
The adjustment factor, 12.7, is the ratio of cytosolic volume (0.7 of cell volume; Baylor et al. 1982; Sztretye et al. 2011b) to SR volume (0.055; Eisenberg, 1984) . The values of B averaged during the pulse and afterwards will be represented, respectively, as B ON and B OFF ; formally: As an alternative to the use of D4cpv-Casq1, the fluo-5N technique (Kabbara & Allen, 2001; Ziman et al. 2010; Robin et al. 2012 ) was applied. After enzymatic dissociation with collagenase, FDB cells were loaded for 120 min at room temperature in Tyrode solution containing 10 μM fluo-5N AM. Within 60 min after washout, short cells -averaging 500 μm in length -were transferred to the imaging chamber, where they were voltage clamped with patch pipettes of 0.5-1 M . The internal solution in the pipette was based on glutamate and N -methylglucamine and included 15 mM BAPTA in addition to X-rhod 1. Line scan records F fluo (x,t) and F X−rhod (x,t) were obtained line-interleaved, using for fluo -5N excitation at 488 nm with emission collected between 500 and 580 nm, and for X-rhod 1 excitation at 594 nm with emission between 610 and 700 nm.
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One concern was the possible contribution of fluorescence of X-rhod 1 to the F fluo (x,t) record. The contribution (namely the fluorescence due to X-rhod collected in the emission range of fluo-5N under 488 nm excitation) should be proportional to the measured F X−rhod . The proportionality factor, f ≈ 0.05, was determined in measurements in aqueous solutions containing X-rhod 1 alone. Experimental data were then corrected according to the formula
where the F values are fluorescence intensities after subtraction of a background obtained in the respective emission ranges with excitation lasers off. In actual working conditions this contribution (which is proportional to the concentration of X-rhod) reached a maximum of 10% of F fluo . F fluo (x, t) corrected according to eqn (8) was averaged over the scan line to produce F fluo (t), and used to derive an approximate [Ca 2+ ] SR , calculated as
where F is used instead of F fluo (t). Equation (9) is the same as eqn (2) when the kinetic correction term is neglected. Equation (9) is derived starting from an expression for total fluorescence of fluo-5N as the sum of a term from dye in the SR and another from other compartments, including cytosol and mitochondria.
F can be written as (11) where D T and [CaD] are concentrations of total and Ca-bound dye in the SR, and e D and e CaD the molar fluorescence of the dye in its free and bound forms. From eqn (11) it follows that F min = F other + D T e D , an expression that, for the fluorescein dyes, is approximately equal to F other . In turn
which substituted in eqn (11) yields eqn (9). A basic tenet of the method is that F other is constant, because the conditions of measurement, which include 15 mM BAPTA in the cytosol, render the dye in cytosol and other compartments effectively insensitive to the calcium fluxes and its fluorescence is unchanged. Therefore, F min ∼ = F other is assumed to be constant. In the Results it is shown that F other varies, and therefore the assumption provides only a rough approximation.
We set F min = 0.35F 0 , which is the minimum value found in our experiments. For K D , two values were used, either 133 μM, from calibrations by Ziman et al. 2010 , or 400 μM, from calibrations by Zima et al. (2010) in cardiac muscle. In each case, F max was set (using eqn (9)) so that resting [Ca 2+ ] SR was equal to the average found using the biosensor (352 μM). Because the actual parameter values of fluo-5N are uncertain we will also show the results in terms of normalized fluorescence, so that consequences can be derived independently of assumptions about dye parameters.
Due to the presence of 15 mM BAPTA in the internal solution, these experiments allowed for accurate measurement of the time course of release flux, net flux and the amount of Ca 2+ released. As in the experiments with biosensors, these flux measures scale with the concentration of BAPTA, which is estimated from eqn (3) 
with free parameters n and K D .
[CaB] represents the concentration of bound Ca 2+ , and does not assume a specific binding stoichiometry.
Results
SR Ca 2+ buffering power measured dynamically
The procedure is illustrated in Fig. 1 for a wild-type (WT) cell from a mouse FDB muscle. The mouse paw had been injected 4 days earlier with plasmid coding for the biosensor D4cpv-Casq1, which is expressed exclusively in the SR. Cells were patched with a low-resistance pipette and voltage clamped. The figure shows confocal line scan images of fluorescence of the cytosolic Ca 2+ monitor X-rhod 1, introduced via the patch pipette (Fig. 1A) , and the FRET ratio of fluorescences of the sensor (Fig. 1B) . Line averages of X-rhod 1 fluorescence and FRET ratio are plotted in Fig. 1C (red and blue). The analysis of these records is illustrated in Fig. 2 . Figure 2A shows the release flux, calculated from the cytosolic signal as described (Methods; see also Royer et al. 2008) . The kinetic features of release flux observed when BAPTA is the main cytosolic buffer have been described before (Sztretye et al. 2011b ); they include an early peak, often followed by a second peak or 'hump' . The flux then rapidly reverts to a low steady level, which persists until the end of the depolarizing pulse. By integration over time of the net release flux eqn (5), the amount of released Ca 2+ is derived as a function of time (plotted in Fig. 2B ). From the FRET ratio [Ca 2+ ] SR is derived and plotted in Fig. 2C ; note that time is on the vertical axis, increasing down, and concentration is on the horizontal axis.
SR Ca 2+ buffering power, B, is defined in eqn (6). B ON and B OFF represent, respectively, the values of B averaged during the pulse and after it (eqn (7)). The advantage of defining B differentially (rather than as a ratio of total over free calcium concentrations) is that this definition does not require knowledge of the total content in the SR, a value that cannot readily be measured. What can be measured is the amount of calcium released or, more precisely, the increase in total calcium in the cytosol. Because in the experimental conditions used here the cell is a closed system for calcium and, furthermore, the mitochondria have their contribution to calcium flux minimized, the increase in cytosolic calcium is equal to the decrease in [Ca] T,SR . Therefore, according to eqn (6), B is equal to the derivative of amount released with respect to change in free [Ca 2+ ] SR , with a sign change. (Because [Ca 2+ ] SR and release flux are expressed with reference to different volumes, a factor 12.7 is necessary for B to be expressed as a ratio of concentrations in the SR, eqn (6).)
This derivative can be visualized on the plot of amount released vs. [Ca 2+ ] SR , which is referred to as the 'buffer plot' and presented in Fig. 2D . Coloured circles mark in all graphs the beginning and end of the pulse. Several features visible in this example were found in most cells studied. Net flux becomes essentially zero at ∼300 ms (or earlier in other cases). Of the amount released in this interval, the initial fast phases, which are essentially over by 50-100 ms, contribute more than two-thirds of the total.
In most cases buffering power is greater during the initial phases, decreasing later. In other words, the buffering plot has negative curvature during the ON. The OFF portion is usually linear and has the same slope found at the end of the ON. A large difference between the average slope during the ON (-B ON , slope of chord a-a) and the OFF (-B OFF , slope of line b-b) is always associated with a large negative curvature; the difference is used below as a convenient measure of the curvature of these noisy records.
Because of the possibility that the calsequestrin fused to the biosensor may contribute significantly to the buffering of Ca 2+ , and or modify the properties of the biosensor, we carried out additional experiments using the fusion of D4cpv with the variant δAsp of Casq 1, in which 17 C-terminal residues have been deleted (Shin et al. 2003) . This variant has been shown to have a greatly reduced Ca 2+ binding capacity and an inability to engage in aggregation changes demonstrated in solution (Park et al. 2004) . The buffering plots from these experiments, one of which is in Fig. 3C (red), were similar to those obtained using D4cpv fused to native calsequestrin, with B decreasing during the ON and B ON > B OFF .
As observed in earlier work (e.g. Sztretye et al. 2011b) , the presence of BAPTA as main buffer in the cytosol increases the magnitude and alters the kinetics of release flux, presumably by reducing or preventing Ca 2+ -dependent inactivation (CDI). To explore possible interactions between release kinetics and buffering properties, a group of experiments were carried out with EGTA as main buffer in the pipette. Figure 3A presents records of flux (black) and net flux (grey), for a cell monitored with D4cpv-δAsp in the presence of 10 mM EGTA. Compared with the record in Fig. 2A , or with records in Figure 3B from a second cell in BAPTA (expressing in this case D4cpv-δAsp), the release flux in the presence of EGTA was lower, presumably because EGTA did not interfere with CDI at the concentrations used. As a consequence, net release flux was positive for a longer time, which required the application of longer pulses to reach maximal depletion in these cells.
The buffering plots of both experiments are shown in Fig. 3C . As illustrated, the curvature noted for records in BAPTA is either absent or less pronounced in EGTA; the difference in buffering power between ON and OFF is likewise reduced.
These features are statistically evaluated in Table 1 , which presents averages in 34 cells. Twenty-two of these used BAPTA in the internal solution, 14 with D4cpv-Casq1 and 8 withD4cpv-δAsp. Since the δAsp variant introduced no significant differences, results of all the experiments in BAPTA were averaged together. Averages are presented separately for cells in BAPTA and EGTA in the top rows and for both buffers together at the bottom. As already reported, peak flux is significantly greater in BAPTA and the amount released during the pulse is greater in EGTA (Sztretye et al. 2011b) . The table also lists average values of B ON and B OFF . The difference between them is nearly 2-fold and highly significant in BAPTA (or when data in The possibility of an artifact due to slow sensor response was tested by evaluating [Ca 2+ ] SR with a different monitor. Two reasons recommend fluo-5N for this purpose. One is that small synthetic dyes are known to have much faster kinetics than FRET biosensors, thus eliminating the putative artifact. Additionally, given the differential definition used here for buffering power eqns (6) and (7), only the changes in [Ca 2+ ] SR need to be known, rather than the actual [Ca 2+ ] SR values. With this choice, one of the main limitations of non-ratiometric dyes such as fluo-5N, namely the difficulty in obtaining an absolute calibration, is removed.
The use of fluo-5N, introduced by the work of Kabbara & Allen (2001) in an amphibian, is more difficult in mammalian muscle due to the presence of abundant mitochondria close to the SR. Fluo-5N loads into mitochondria and indicates there the increase in [Ca 2+ ] associated with cytosolic Ca 2+ release. To prevent this signal, Ziman et al. (2010) included BAPTA in the cytosol, loaded in AM form, while Robin et al. (2012) introduced a high concentration of EGTA (50 mM) via a glass pipette. We tested these and other conditions until finding a procedure that works consistently under patch voltage clamp. Our method consists in loading the cells with fluo-5N AM and using a large patch pipette to diffuse into the cytosol a solution that includes 15 mM BAPTA. As with the biosensor, the fluorescence of fluo-5N was imaged in parallel with that of cytosolic X-rhod 1. The fluo-5N signal associated with voltage-induced Ca 2+ release was initially -upon establishing whole-cell patch -an increase of fluorescence during the pulse. It later turned biphasic and became a monotonic decrease after 15 to 20 min of whole-cell patching. Figure 4 shows illustrative line scans of fluorescence of X-rhod 1 and fluo-5N, obtained simultaneously. Line averages of fluorescence during maximal depolarization at different times are shown in Fig. 4C and D. (To avoid contractile movement, pulses of 1 s or longer were only applied late in the experiment, after a high concentration of BAPTA had been reached in the cytosol.) As shown in Fig. 4D , the fluorescence of fluo-5N decays during the pulses, but the extent of the decay increases with time of perfusion.
To derive the buffering properties of the SR, the amount of Ca 2+ released is calculated in the standard manner (as depicted in Fig. 2) and [Ca 2+ ] SR is derived from the fluo-5N signal. There is considerable uncertainty regarding the calibration of the fluo-5N signals collected in these experiments. As mentioned, in this cell and all others studied similarly, the extent, or amplitude, of the fall in F increased during the experiment. We believe this to be due to the increase in BAPTA concentration, which progressively reduces the contributions to the signal from fluo-5N outside the SR. In the terms introduced with eqn (10), F other is not constant. Consequently, there is no unique value of the parameters F min and F max and therefore [Ca 2+ ] SR cannot be derived rigorously.
The 'shape' of the buffering plot, however, can still be derived. Indeed, the definition of buffering power adopted here requires knowledge of the change in [Ca 2+ ] SR , not its actual value. The rapid changes in [Ca 2+ ] SR can still be derived, even though F min and F max vary slowly during the experiment.
The approximate analysis is illustrated in Fig. 5 , for the experimental data presented in Fig. 4 . Linearity, however, is unlikely; the occupancy of the dye by Ca 2+ at rest should be 50% or greater according to the existing calibrations in skeletal and cardiac muscle cells, which put the K D at 133 μM (Ziman et al. 2010) or 400 μM (Zima et al. 2010) . Therefore, we abandoned the assumption of linearity, and calculated [Ca 2+ ] SR from F/F 0 using eqn (9) with realistic parameters.
The parameters were derived as follows. F min was made equal to the minimum value observed, 0.35 F 0 . F max was calculated solving from eqn (9) in the resting condition. This was done by setting F = F 0 and the resting [Ca 2+ ] SR at its average value in the experiments with D4cpv (352 μM). Deriving F max this way required a value of K D , for which both estimates, 400 and 133 μM, were used.
For the experiment illustrated, the results with K D = 400 and 133 μM are plotted, respectively, in Fig. 5B and C. As shown, the curvature observed in the raw records is progressively attenuated as K D is decreased (this is because assuming a lower K D results in increasing saturation of the dye at rest, which has the effect of magnifying the change in [Ca 2+ ] SR early in the pulse, thus linearizing the buffer plot). A small curvature persists, however, even at the lower K D . Also as observed with D4cpv-Casq1, the average buffering power B ON remains greater than B OFF . These features are present in the averages, derived from 17 image pairs in five cells, listed in Table 2 Other differences could be due to fortuitous variation. Thus, in the examples shown, the OFF portion of the buffer plot is curved in the records obtained with fluo-5N, while it is largely linear in the records with D4cpv. The OFF curvature in the fluo-5N plots, however, was not a usual finding; moreover, curved OFF plots were also found in experiments using D4cpv-Casq1, as the next subsection will show. Fig. 4 , vs. amount released, calculated from the corresponding cytosolic calcium transients (X-rhod 1 records in Fig. 4C) . B and C, buffering plots derived from the same images, with [Ca 2+ ] SR on the abscissa, calculated with F min /F 0 = 0.35, K D = 400 μM (for B) or 133 μM (for C) and F max /F 0 = 1.74 (B) or 1.25 (C). These parameter values, which span the results of experimental calibrations, are justified further in the text. Within the range of estimated parameters the buffering plots retain some negative curvature. The plots indicate that a unique set of parameters does not apply strictly for the full course of the experiment, as its use leads to an apparent increase in the degree of depletion (the left-most reach of the plot shifts to the left) in successive applications of the same pulse.
Buffering properties in cells devoid of calsequestrin
representative cells. Figure 6A and B present the Ca 2+ release flux, showing in these and all 29 cells studied a waveform consisting of a single sharp peak that decays during the pulse to a much lower level, which is hardly separable from noise. These kinetics, and specifically the virtual absence of the so-called quasi-steady stage after the initial peak, is a characteristic feature of flux in Casq-null cells (Royer et al. 2010; Sztretye et al. 2011b ). In the lower panels are the corresponding buffer plots. In all cases studied these had a slope substantially lower than that typical of WT cells. In the first example (Fig. 6C ) the slope was fairly constant and about the same during the ON and the OFF. In other cases, illustrated in the second example (Fig. 6D) , the ON portion of the plot (grey) had marked negative curvature.
Averages are shown in Table 3 , separately for cells in the internal solution containing BAPTA or EGTA. Again, approximately half of the experiments with each buffer were done with D4cpv-Casq1 and the others with the D4cpv-δAsp biosensor. The results obtained using the two forms were not significantly different and were pooled for averaging. In 12 of 21 cells studied in BAPTA but only 1 of 8 in EGTA there was visible downward curvature in the buffering plot during the ON. In all these cases the OFF portion of the plot was linear or only slightly curved, and its slope was less (i.e. B ON was greater than B OFF ).
B in the null cells was approximately four times smaller than in the WT and the difference was highly significant. The difference between B ON and B OFF was smaller than in the WT, but still significant. Other properties (peak flux, amount released and degree of depletion during a maximal depolarization) were consistent with earlier studies (Royer et al. 2010; Sztretye et al. 2011b ). This agreement does not constitute an independent confirmation of the early observations, as approximately half of the cells from which the present data were derived were included (for calculating peak flux, degree of depletion and permeability) in the study by Sztretye et al. (2011b) .
Discussion
This work combined dynamic measurement of free Ca 2+ concentration inside the SR by two methods with simultaneous determination of the amount of Ca 2+ released from the SR, to derive directly the Ca 2+ buffering properties of the SR. While the present study is a first for mammalian muscle, Pape et al. (2007) provided the first estimates of buffering by the SR, using tetramethylmurexide to monitor [Ca 2+ ] SR in the frog. On cells under voltage clamp we imposed a large, long-lasting depolarization, to cause substantial depletion of the SR. As in prior studies, the presence of a large concentration of an exogenous Ca 2+ buffer was used to simplify the quantification of released Ca 2+ . Two buffers Averages and SEM are listed in columns numbered as in Table 1 were used alternately, of which EGTA (at the concentration used) is thought not to alter the intrinsic kinetics of release (González and Ríos, 1993) , while BAPTA accelerates Ca release, presumably by interfering with CDI (Baylor et al. 1983; Melzer et al. 1984; Pape et al. 1995; Pizarro & Ríos, 2004) . As in the study by Sztretye et al. (2011b) , these two conditions led to Ca 2+ release with sharply different time courses. Figure 6 . Buffering plots in muscle fibers from Casq1-null mice FDB cells from null mice were treated as described for Fig. 1 and images processed for derivation of buffer plots as in Fig. 2. A and B , release flux upon maximal depolarization, recorded in two fibres from different mice, using 5 mM BAPTA internal solution. Both show kinetics characteristic of Casq1-null cells, notable for a sharp decay and lack of a quasi-steady phase. C and D, corresponding buffer plots. The plot in C is approximately linear, with similar slopes during ON and OFF. The plot in D, where the ON portion is plotted in grey, exhibits negative curvature, similar to that found in WT cells. A statistical summary of buffering properties of Casq1-null cells is given in Table  3 . Identification: A and C, 08209a series 39; B and D, 051110a series 10. As the slope of the OFF segment of the plot is usually the same as that at the end of the ON portion, a B ON greater than B OFF is always associated with negative curvature (downward concavity) of the buffering plot. The B ON vs. B OFF difference is used here as a practical indicator of curvature, which is otherwise difficult to characterize when plots are noisy.
Buffering is reduced in Casq1-null cells
A first evaluation of the role of calsequestrin emerges from the measurement in Casq1-null cells. Comparing entries in Tables 1 and 3 , the average B ON of the WT is four times greater than that in the null cells. Based on a number of negative findings in preparations with knockout or knockdown of calsequestrin in skeletal and cardiac preparations (Knollmann et al. 2006; Wang et al. 2006; Paolini et al. 2007; Chopra et al. 2007; Meissner et al. 2009; Knollmann, 2009) it can be assumed that other buffering molecules remain at the same concentration in the null cells. Under this assumption, a reduction in buffering power by 75% upon deletion of Casq implies that 3 of 4 Ca 2+ ions released are stored in calsequestrin.
Calsequestrin may account for most Ca 2+ buffering in the SR
Since the early studies (Ikemoto et al. 1972; Oswald & MacLennan, 1974; Aaron et al. 1984) , the binding properties of calsequestrin 1 were described with the formalism of a conventional 'cooperative' ligand, namely by fits with the Hill equation (eqn (13)). These studies, conducted in the presence of 0.1 mM KCl, yielded values near 1 mM for K D and n ≈ 2, a value that suggests positive interaction between two or more binding sites. It was also found that the affinity increased in the absence of K + as did the value of n, indicating a complex binding process that includes weak interactions among a multiplicity of relatively non-selective sites. Later studies revealed multiple negatively charged sites on the protein, and showed that its conformation and aggregation state in solution changes as Ca 2+ binds (reviewed by Royer & Ríos, 2009 ). The multi-stage binding process is reflected in complex titration curves for which eqn (13) can only provide rough approximations.
To appraise further the contribution of calsequestrin we compare in the following the buffering properties measured here with those found in previous studies of calsequestrin. This is done in two ways, as illustrated in Fig. 7 .
In red trace in Fig. 7A is an idealization of our average buffering plot (amount released vs. [Ca 2+ ] SR ). Note that the curve starts at the point ([Ca 2+ ] SR = 366 μM, amount released = 0 μM) and ends at (196, 1146) . These are the average values listed in Table 1 . The two points are joined by a smooth curve, a cubic polynomial, adjusted to have a slope at the end point (196, 1146) that is approximately half of that of the chord a-a. The curve is therefore a noise-free representation of average results that includes the mean values of changes in solution and the observed curvature (see first Discussion subsection for detailed values).
These data are used to produce the curve in thick black trace, plot of [Ca] (Baylor et al. 1983; Sztretye et al. 2011b) . B max is therefore 51.4 μM multiplied by the maximal number of Ca 2+ ions that can bind to one (13), with K D = 1 mM, n = 2 and B max = 1.54 mM (a number derived as described in the text, assuming that up to 30 Ca 2+ ions may bind per calsequestrin molecule) or B max = 4.11 mM (assuming 80 sites per protein molecule). Black, thin line: fit with eqn (13) to SR titration curve, with B max set at 4.11 mM and best-fit parameters K D = 0.46 mM and n = 3.52. B, black: SR titration curve from A. Blue: titration of purified rabbit calsequestrin in solution, from inset of fig. 5 in Park et al. 2004 . C, SR titration curve (black) compared with two titrations of calsequestrin in solution. Green: titration of recombinant human calsequestrin, redrawn from Sánchez et al. 2012 . Pink: titration of purified rabbit calsequestrin, redrawn from Park et al. (2004) . D, diagram illustrating the properties of a hypothetical two-compartment organelle, longitudinal SR and TC, assumed to have different buffer concentrations. For this difference to manifest itself in a change in buffering power similar to that found experimentally, the diffusion process (no. 3 in the diagram) connecting the two compartments must have characteristic times of the order of 100 ms and be much slower than the binding reaction in the TC (no. 2). Additionally, the buffer in TC must also have a concentration-dependent buffering power (i.e. changing curvature in its titration).
calsequestrin molecule. The curves used two estimates of this number that span the range found in the literature: 30 (measured by Sánchez et al. 2012 , with human recombinant calsequestrin1) and 80 (measured by Park et al. 2004 , with purified rabbit protein). While both models produce plots with the right curvature, neither comes close to the measured bound content in the SR titration curve. A third attempt to describe our data with the Hill model is represented by the curve in thin black trace. It represents a fit to the data by eqn (13) with freely adjustable n and K D , and B max set to the greatest of the current estimates (51.4 × 80 = 4114 μmol l −1 of cytosol). The best-fit values were n = 3.52 and
We conclude from these comparisons that the SR Ca 2+ buffering ability found in the present study may be accounted for by calsequestrin at the concentrations measured by Murphy et al. (2009) , provided that binding occurred with stoichiometry at the upper end of existing estimates, and with greater affinity and cooperativity than is assumed in current descriptions.
We completed the comparison as illustrated in Fig. 7B and C, by comparing the SR titration curve (black trace) with two published titrations in vitro (Park et al. 2004; Sánchez et al. 2012) . In blue in Fig. 7B binding with the properties found in vitro by Park et al. (2004) does not come close to accounting for the present results. The data of Sánchez et al. (2012) , which reflect lower binding capacity, are an even worse mismatch, falling outside the 0-400 μM range of the abscissa in Fig. 7B .
To better demonstrate the discrepancy we plotted in Fig. 7C the two titrations in vitro and our SR titration curve on a greatly compressed [Ca 2+ ] SR scale. Our titration curve is again plotted in black. The mismatch is enormous; while the binding capacity measured in vitro may be consistent with that of the SR, buffering in the SR is much more powerful -the slope is much greater -and the organelle is capable of storing large quantities of bound Ca 2+ at free Ca 2+ concentrations that cause negligible binding to calsequestrin in vitro. It is also remarkable that the binding curves in vitro do not display the curvature observed in our SR titration. Murphy et al. (2009) , who noted the discrepancy, suggested as an explanation the presence of KCl at the un-physiologically high concentration of 0.3 M in the in vitro measurements. While it is unlikely that a 2-or 3-fold change in the concentration of potassium will change the effective affinity by orders of magnitude, the presence of chloride at a concentration approximately 30-fold higher than in the myoplasm could account for some of the difference.
The conclusion from these comparisons is that calsequestrin, at the concentrations measured by Murphy et al. (2009) Model titrations with positive curvature can be derived with eqn (13) and n > 1, but as shown with Fig. 7A even using n = 3.52 the curvature in the fit is less than that observed experimentally. As the curvature was lower in the buffering plots of Casq1-null cells, it appears that the high curvature is a property of Ca 2+ binding to calsequestrin. An intriguing feature of the observations is that the curvature is greater when BAPTA is present in the cytosol (which leads to faster transients) and is greater in the ON (when changes are faster) than the OFF. It therefore appears that fast changes in lumenal Ca 2+ concentrations, of free or bound ions, enhance the curvature. This dependence will arise trivially if the [Ca 2+ ] SR sensor is slow, so that its signal lags the actual [Ca 2+ ] SR change. In this hypothesis the change in [Ca] T,SR , evaluated with a faster dye in the cytosol, will seem faster, and the buffering power will appear to be higher early during the pulse, when flux is greatest. This simple explanation was rejected on the basis of measurements of [Ca 2+ ] SR with a second monitor, the small synthetic dye fluo-5N, which by analogy with other fluorescein-based dyes is believed to have a much greater k on (e.g. Eberhard & Erne, 1989 , for calibrations in solution; Shirokova et al. 1996 , for calibrations inside cells). In spite of difficulties of calibration, expected for a non-ratiometric monitor, the buffering plots obtained with this dye largely confirmed both the observation of curvature and its magnitude (quantified by the difference between average buffering power during ON and OFF).
A curvature in the buffer plot could also arise as an artifact of erroneous calculation of the amount released. This putative explanation has the virtue of justifying curvature observed with both sensors of SR calcium. The hypothesis was explored and essentially ruled out carrying out a number of alternative calculations of • Rel(t), illustrated in the Supplementary material, using different values for the fixed parameters of the removal model. As stated in Methods and initially established by Schneider et al. (1987) , different sets of parameter values, especially different concentrations of the main buffer, result in waveforms of flux that scale proportionally, without otherwise changing their temporal dependence. Consequently, the amount released also scales linearly and, as the Supplementary material demonstrates, the buffer plots maintain the changes in slope -the curvature -even as they shrink or expand vertically.
It seems clear therefore that B (slope of the buffering plot) decreases as SR content is depleted. This change in slope in turn seems to depend on the rate of the change in content, namely the release flux. One possible explanation of this phenomenon is that rapid changes in occupancy of binding sites on calsequestrin destabilize its structure (as suggested by Park et al. 2004) , leading to depolymerization and decrease in binding capacity and affinity. Furthermore, the alteration would not be immediately reversed, and recovery of [Ca 2+ ] SR in the OFF would proceed with the binding properties reached at the end of the ON stage, precisely as observed. This explanation, however, does not fully account for the data, because some curvature persists in Casq-null cells. That cells devoid of calsequestrin still have a curved SR titration indicates the existence of additional, more general reasons for the observation.
One possibility, suggested by putative observations of Ca 2+ movements inside the SR (Winegrad, 1965) , is that the initial phases of release rely on Ca 2+ stored in the terminal cisternae, where calsequestrin is located and buffering power is greatest, while release in later stages might rely on Ca 2+ stored in other regions of the SR and would therefore proceed at a lower buffering power.
This hypothesis is represented in its simplest version in Fig. 7D by two compartments (longitudinal SR and terminal cisternae (TC)) of different buffering power connected by diffusion of free Ca 2+ . The overall B in the release process will reflect initially the high buffering power of TC, provided that reaction in TC (no. 2) is fast compared with diffusional equilibration (no. 3). Later, with TC largely depleted, B will be low, but only if the titration curve of TC has high curvature (in other words, curvature in the primary buffer titration must still be assumed). Substantial differences in concentration develop between the compartments of this model during release.
While the work of Winegrad (1965) was indicative of [Ca 2+ ] gradients and time lags due to intra-SR diffusion, later observations did not support the original observations or the existence of substantial barriers to diffusion. The characteristic time of diffusional equilibration between longitudinal SR and TC in skeletal muscle is estimated at a few milliseconds (see for instance Pape et al. 2007) , consistent with the ample and unrestricted connections visible in electron micrographs (Franzini-Armstrong, 1964) . The change in B reported here develops during depolarizing pulses of 100 ms or more. In 100 ms longitudinal SR and TC would be essentially equilibrated and their contributions would not be separable. Therefore, a 'delayed equilibration' hypothesis does not help understand the non-linearity in SR Ca 2+ titration. The present study allows for a direct comparison of two techniques for imaging [Ca 2+ ] SR in muscle fibres treated similarly.
The advantages of D4cpv-Casq1 over the small synthetic dye are 2-fold: D4cpv and FRET sensors are ratiometric, and hence their calibration is straightforward in principle. Additionally, D4cpv-Casq1 expresses only inside the SR, which minimizes interferences from outside the organelle.
These interferences constitute the principal problem for calibrating and interpreting the fluo-5N signal. They are minimized by placing a large amount of buffer in the cytosol, which reduces the fluorescence from dye in both cytosol and mitochondria. As the effect depends on buffer diffusing into the cell, it is progressive, resulting in variation of F min and F max during the experiment. A steady value of these parameters is expected when the buffer concentration is high enough that further increase does not cause additional change in the extra-SR fluorescence, but this point was not clearly reached in our experiments. An additional disadvantage is the requirement of a very high concentration of buffer, 15 mM BAPTA in our case, 50 mM EGTA in the implementation by Robin et al. (2012) . These concentrations will interfere with physiological release, changing its kinetics. By contrast, the presence of a high concentration of buffer is not required by the biosensor technique. In our implementation, a high buffer concentration is used, but only to measure release flux more accurately.
Fluo-5N and small synthetic dyes in general have two major advantages. One is fast kinetics, with ON rate constants greater by orders of magnitude than those of FRET biosensors in vitro. Because of crowding, compounded with the presence of targeting moietiescalsequestrin in the present case -the kinetics of the biosensor could be slowed further inside the SR lumen. It was therefore reassuring that the signals obtained with the two methods were not substantially different, and indicative that the biosensor is sufficiently rapid to follow the [Ca 2+ ] SR changes evoked in this study. An additional advantage of the fluorescein-based monitors is their dynamic range, which is much greater than that of cameleons and other FRET sensors when compared in aqueous solutions. This advantage, however, is substantially reduced when fluo-5N is applied in cells. Indeed, the dynamic range (defined as F max /F min ), which is approximately 200 in dye solutions, was reduced to J Physiol 591.2 approximately 6 in the present experiments (due to contributions to F min by extra-SR compartments; see eqn (10)). The corresponding figure of merit for the biosensor, R max /R min , is 1.75/0.505, or approximately 3.5.
The biosensor has its own shortcomings, including the variability of expression density and some variability in performance, which was accounted for in earlier work as a variance in its parameter values (Sztretye et al. 2011a) .
A problem with both monitors is their affinity for calcium; because their K D is low by comparison with resting [Ca 2+ ] SR , both sensors provide highly non-linear representations of [Ca 2+ ]. Signals from a monitor of higher K D , like the recently described CatchER (Tang et al. 2011; Wang et al. 2012) , contain more easily interpretable information even if their dynamic range and sensitivity are lower.
In summary, D4cpv-Casq1 provides a reliable calibrated signal, while fluo-5N, with its greater sensitivity and speed of response, is a better choice for following rapid changes. A major disadvantage of fluo-5N is the requirement of highly interfering concentrations of buffers in the cytosol. Both sensors have adequate sensitivity for most purposes, but their affinity is excessive for monitoring lumenal SR calcium concentrations.
Conclusions
It is possible to follow the rapid changes in [Ca 2+ ] SR associated with rapid release of Ca 2+ using either the D4cpv-Casq1 biosensor or fluo-5N, methods that have complementary advantages and shortcomings. Combining these with a cytosolic [Ca 2+ ] monitor we produced a direct measure of SR Ca 2+ buffering power and a titration of SR Ca 2+ . The measured buffering power was reduced by 75% in calsequestrin-null muscle, which indicates that calsequestrin contributes 75% of the Ca 2+ released in the WT. To account for a contribution of this magnitude, calsequestrin at the concentrations measured in muscle must have much greater affinity than it does in solution, and its detailed concentration dependence of binding must change in other ways. Some of the buffering properties depend on the rate of change of SR load, perhaps reflecting time-dependent changes in the dense polymeric network that calsequestrin forms inside the SR. This study reveals Ca 2+ buffering as a highly dynamic process, which depends on concentration and changes with time. These features mark Ca 2+ buffering as both a vulnerable link in diseases that involve loss of control of Ca 2+ release, and a candidate for further study and intervention.
